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BACKGROUND OF THE INVENTION
0003) Following the completion of the human genome project, the cataloging of all gene Sequences and the acqui Sition of high-resolution Structures of proteins and RNAS, future biological investigations will focus on how the fun damental cellular building blocks interact with each other. Another important issue will be to determine their precise locations in Space and time in an attempt to decode and lay out the cell machinery and circuitry. Indeed, many vital functions of the cell are performed by highly organized Structures, modular cellular machines that are Self-as Sembled from a large number of interacting macromol ecules, and translocated from one cell compartment to another. To unravel the organization and dynamics of these molecular machines in the cell, a tool is needed that can provide dynamic, in Vivo, 3D microscopic pictures with nanometer resolution of individual molecules interacting with each other.
0004 Fluorescence microscopy can provide exquisite sensitivity down to the single molecule level for in vitro experiments (1-3). Moreover, it has recently been shown that Single fluorophores can be detected in the membrane of living cells with good signal-to-noise ratio (S/N) (4-6). What is not clear yet is whether Single molecule fluorescence microScopy can provide the desired spatial and temporal resolution. Technical challenges still to be met are (i) the Synthesis of Spectrally resolvable, bright and Stable fluoro phores that can be coupled in Vivo to macromolecules; (ii) the development of an easy-to-use and affordable instrument which permits high-resolution localization of individual point-like sources in 3D; and (iii) the ability to perform such measurements at a rate which is compatible with that of biological events. The invention contemplated herein pro vides an effective solution to the above stated problems. Microsc. 163, [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] [165] 0047 41. Gibson, S. F. & Lanni, F. (1989) .J. Opt. Soc. Am. A 6, 1357 Am. A 6, -1367 0048 42. Dahan, M., Laurence, T., Pinaud, F., Herten, D. P., Schumacher, A., Chemla, D. S., Alivisatos, A. P., Sauer, M. & Weiss, S. (in preparation) . 0049. Abbreviations used herein include: APD, ava lanche photodiode; CL, confidence limit; CLPS, closed-loop piezo-Scanner; cpp., count-per-pixel; ICCD, intensified charge-coupled device, NC, nanocrystal; PD, probability distribution; PSF, point-spread function; S/N, signal-to noise ratio, UHRC, ultra-high-resolution colocalization; TFS, TransFluoSphere, 2D, two-dimensional; 3D, three dimensional; NSOM, near-field Scanning optical microS copy; FWHM, full-width half-maxium.
BRIEF SUMMARY OF THE INVENTION
0050 Recently, significant advances have been made in improving the Spatial resolution of optical microscopy beyond the classical diffraction limit of light. These include:
(i) wide-field image restoration by computational methods (deconvolution) (7); (ii) wide-field single molecule local May 30, 2002 ization and tracking (8-10); (iii) aperture (11) and aperture less type (12) near-field Scanning optical microscopy (NSOM); (iv) 4PI (13) 0091. It is to be understood that the present method can be used alone or in conjunction with known methods of optically analyzing fluorescence of fluorophores to deter mine the presende of fluorophores. 0092. The term fluorophore is given that meaning com monly used in the art. 0093. Fluorescent probes using nanocrystals are known in the art and are described in U.S. Pat. No. 5,990,479, the contents of which are hereby incorporated by reference in their entirety. 0094. By "separation by lifetime" or "fluorescence life time' it is meant Separation by photon arrival time after excitation.
0095. By "polarization" or "separation by polarization" it is meant Separation by orientation of the electrical vector field or absorbtion/emission transition dipole moment. 0096. By "single photon process" it is meant a process whereby the transition of the nonexcited State to the excited State occur by absorbtion of a single photon.
0097
. By "multi-photon process" or "multiple photon process it is meant a proceSS whereby the transition of the nonexcited State to the excited State occur by Simultaneous absorbtion of two or more photons. 0098. This method is based on sample-scanning confocal microScopy using a Single laser excitation wavelength and a closed-loop piezo-Scanner (CLPS) that allows nanometer accuracy Steps. In this design, each fluorescent probe is moved through the fixed electromagnetic field at the focal point of the objective lens, which is a diffraction-limited intensity distribution known as the point-spread-function (PSF). A pixel-by-pixel map (image) of the excitation PSF is then built from the recorded fluorescence intensity of this probe. Second, the method takes advantage of point-like fluorescent probes (i.e. much smaller than their emission wavelength) that can all be excited by the same laser wavelength but differ in their emission properties (21, 22).
The fluorescence of the different emitters needs to be sepa rable or recorded independently in orthogonal channels. This separation can be based on differences in emission color, fluorescence lifetime, or any other photophysical characteristics. Examples of Such point-like probes that were used in this study are small TRANSFLUOSPHERES (TM) (TFS) beads (Molecular Probes, 40 nm diameter) or semi conductor nanocrystal (NC) quantum dots (less than 10 nm diameter) (23, 24) . Since all probes are excited by the same laser, aligned on the optical axis, the effects of chromatic aberrations in the excitation path are altogether eliminated. This fixed-excitation Scheme also ensures the equivalence of each channel in the detection path. As the sample consisting of these distinguishable probes is Scanned through the excitation PSF, images are constructed pixel-by-pixel from the recorded Signal of each channel. In these images, all pixels corresponding to a given nanometer-accurate Scanner position are in perfect registry. Each individual point-like Source will appear in one channel only as a diffraction limited shape, identical to that of the excitation PSF. 0099] The resulting PSF images are fitted to a 2D Gaus sian function, a good approximation of the theoretical shape of the PSF. This allows one to localize their centers with a precision of a few nanometers, limited only by Shot noise, photophysical noise of the fluorescence signal (triplet States, blinking, photobleaching), and electronic and mechanical noise of the piezo-Scanning device. The distance of fluores cent emitters recorded in orthogonal channels can thus be determined with nanometer accuracy, a result termed ultra high-resolution colocalization (UHRC). The physical size of the probes is the lower boundary of the distance measure ment; the upper boundary is given by the Scan range of the piezo-Scanner (here, 100 um). 0100. A related technique using a single excitation beam (22) was recently demonstrated by van Oijen et al. (25) for pentacene molecules embedded in a p-terphenyl host crystal at cryogenic temperature relying on differences in absorp tion peaks among molecules and using wide-field imaging.
Known in the art is a related colocalization Scheme of two different-color dyes using NSOM that forced two different wavelength excitation lasers through the same near-field aperture (thus ensuring overlapping excitation volumes).
This Scheme was used to colocalize malaria parasite proteins in the membrane of infected red blood cells (17, 26, 27) . 0101 The invention contemplated herein, which utilizes far-field optical components only and a single laser wave bits analog input board (PCI 6111E, N.I.). 0111 Fluorescence Detection. 0112 Dual-color colocalization measurements (NCs and TFSs) were performed on the Axioskop (FIG. 1b) . A dich roic mirror (565DRLP for NCs and 610DRLP for beads, O. F.) Separated green and red wavelengths onto two avalanche photodiodes (APD, SPCM AQ141, EG&G), which simul taneously counted the photons on both channels. Band pass filters in front of each APD minimized cross-talk of both May 30, 2002 channels (535DF35 and 625DF25 for NCs, and 555DF25 and LP695 for TFSs, O. F.). Individual photon's arrival times were recorded with a time-counting board (PCI 6602, N.I.), and attributed online to each pixel of the dual-color image. 0113 For multicolor colocalization work with more NCs, one costly option is to Successively split the different colors by optical filters and use a large number of APDs. Instead, we designed a new apparatus (FIG. 1c) (FIG.  1b) two-color APD images were constructed by overlaying the two independent channels (17, 27). On the Axiovert (FIG. 1c) , individual spectra of many single NCs were recorded as follows. In the first step, spectral bands (25 nm width) determined from ensemble emission spectra were used to generate images for each NC batch. From these images, the Spectra of apparently colocalized NCS were determined (FIG. 2a) by integrating the ICCD data of a number of image pixels Sufficient to cover the PSF area (e.g. 3x3 pixels for a 10x10 um scanning area). It was found that the FWHM of the emission spectrum of a single NC was only 15-25 nm. In the Second step, narrower Spectral bands (5-20 nm) were chosen to define new color channels (FIG. 2b) with reduced spectral overlaps (i.e. as 'orthogonal as possible). This procedure also allows one to examine the Spectral inhomogeneities of NCS within a single batch. 0116. In the third step, the above images were combined into a composite false-color image with perfect registry between each color plane (FIG. 2c) . These composite images obtained on the AxioVert Setup (ICCD detection) are the multicolor equivalent of the dual-color images obtained on the Axioskop setup (APD detection). The final steps of the UHRC analysis were performed on dual-color images obtained with the Axioskop only, for it was the only one equipped with a CLPS.
0117 Regions of interest (ROI) were then selected for further analysis. For each color plane of the ROI, a non linear Levenberg-Marquard fit of the PSF to a 2D elliptical Gaussian (a good approximation of the theoretical pattern) was performed using X-minimization (30). Error bars on the coordinates of each PSF center were estimated using a bootstrap Simulation method. For each image plane, 1000 modified data Sets were constructed from the original image. Each modified data set consisted of 70% of the original pixel values, plus 30% of randomly picked values from the original data set (31). Each bootstrap Simulated data set was then fitted to a 2D Gaussian using the X-minimization approach, leading to a slightly different fitted center for the PSF. As a result, we obtained a probability distribution (PD) for the position of each PSF's center, which was fitted by an elliptical 2D Gaussian. For each pair of colocalized centers, a distance PD was then computed analytically from these fitted center's coordinates PDS. The final step of the analysis consisted in extracting an error bar on the distance from this distance PD. We emphasize here that we report the 95% confidence limit (CL) error bar, whereas the literature more commonly reports the less stringent 68% CL error bar (which is typically twice Smaller).
0118 Because the x-minimization procedure is strictly valid only for functions with Gaussian distributed values, we numerically estimated the theoretical precision accessible by this approach, using simulated data both for bead and for blinking NC's PSF. Indeed, in the case of the shot-noise limited signal of beads (Poisson distributed values) , the x-minimization approach is still justified for high-count per-pixel (cpp) values. It is less So for the non-Poisson distributed data of blinking NCs (32-35). Simulations of NC blinking relied on a separate photophysical Study, in which time trace measurements were performed and analyzed. We checked by Simulations that the bootstrap estimation of the position PD of each PSF's center gave a correct estimation of the uncertainty of the PSF's center position. In addition, simulations incorporated the recorded CLPS position files to take into account the uncertainty coming from mechanical ringing and residual ground-loop noise. 0119) The approach contemplated by the instant inven tion prefers the use of different fluorophores that can be excited with one Source but emit at different, non-overlap ping wavelengths. This requirement comes from the diffi culty to obtain precise parfocality for two different wave lengths. That is a tough constraint if one wants to Simultaneously colocalize more than two colors while main taining comparable Signals for all of them. Moreover, for high accuracy fitting, a significant number of pixels per PSF area is preferred, i.e. the fluorophores should not fade too quickly. To our knowledge, energy transfer dyes (36), TFSS and NCs are the only available probes to fulfill the first requirement for one-photon excitation. Because of pho tobleaching and cross-talk considerations, we chose to work with TFSS and NCs. Both have advantages and disadvan tages for colocalization Studies as discussed below. 0120 TFSs are carboxylate-modified polystyrene beads loaded with a Series of two or more dyes. Energy transfer between these dyes accomplishes large Stokes Shifts So that only the longestwavelength dye exhibits significant fluores cence. We tested four types of TFSs (40 nm diameter) excited at 488 nm with emission peaks centered at 560, 605, 645 and 685 nm respectively (47 nm FWHM). In our dual-color analysis, we used the two extreme colors to minimize spectral overlap, i.e. the 560 and 685 nm beads. Although containing hundreds of dye molecules per bead, noticeable photobleaching was still observed for the 685 nm Signal on the order of 400 cpp. (integration time: 10 ms), whereas the red signal was lower than 100 cpp. However, the background signal was larger in the green channel (20 cpp.) than in the red (5 cpp.), resulting in Similar S/N, and hence, Similar uncertainties in the fit. In a few occasions, because of spectral inhomogeneity among beads (as was checked on green only Samples), leakage of the green signal into the red channel was observed. To handle these cases, we imple mented a two step fitting procedure: the first Step consisted in the green PSF fit, and the second one in the simultaneous red PSF fit plus residual green PSF fit using the results of the first fit as a constraint for the position and width of this residual. Simulations showed that in these cases, the preci Sion of the fitting procedure was identical to the more favorable and common cases where no leakage was observed.
0123 NCs are small semiconductor nanocrystalline objects with diameters that can be fine-tuned from 2 to 10 nanometers. Their absorption-edge and emission peak Scale with size due to quantum confinement. The emission wave length can be tuned by means of material composition and NC size anywhere from the ultraviolet to the infrared (28).
For the experiments described here, we used CdSe/ZnSNCs with emission peaks between 540 and 620 nm, and typical ensemble solution FWHM of 30 nm. NCs are brighter (depending on excitation conditions) than their organic dye counterparts, live longer, but Suffer from intermittent fluo rescence emission (resulting in "blinking") (31, 32, 34, 35) .
They exhibit dark States that can span any duration from microSeconds to Seconds, Sometimes accompanied by inter mittent spectral jumps. This photophysical behavior can result in a strong nonlinear relationship between the laser excitation power and the fluorescence emission. 0124 When trying to map the excitation PSF with a NC, the outcome can be in the worst cases a patchy PSF image with no obvious relation between the excitation intensity and the integrated emission intensity. As a result, Some PSFS appear as if the Source bleached during the Scanning, reduc ing the number of pixels for the fit, and more generally have an irregular shape that Significantly reduces the precision of localization. However, Since NCS can be Synthesized in a larger number of well-Separated colors, they are extremely attractive for applications that need multicolor detection, as illustrated in FIG. 2 . In this work we present the limitations and optimal conditions for best colocalization work using the current generation of NCS. An example of data obtained with a mixture of four different NC colors using the multi color Scanning-stage confocal Setup (FIG. 1a and 1c) is shown in FIG. 2 . Although only four NC batches were used, Spectral analysis of the Sample revealed five distinct spectral peaks (the batch with nominal 620 nm peak showed a bimodal distribution) as indicated by different colors in FIG.  2a . Accordingly, five bands were defined (marked i through V) and five different false-color images were generated (FIG.2b) . Their overlay is shown in FIG.2c.  0.125 FIG. 4 All are compatible with an averaged distance of 59+28 nm.
Since we can exclude individual motion of the adsorbed NCs on the dry surface, the discrepancies between the different estimations of the distance are an additional illus tration of the larger uncertainty coming from blinking. 0127 We tested the effect of NC intermittency on the precision of the PSF fit by numerical simulations. NCs were Simulated assuming either an exponential or a power-law distribution of dark (off) and emitting (on) intervals, Since both are experimentally observed (ref. (35) and our unpub lished observations). As it is obvious from the distribution of distances obtained for a single pair of fixed NCs (FIG. 5) , blinking notably degrades the reliability of distance mea Surements compared to TFSS. Attempting to impose a threshold to eliminate almost off pixels did not signifi cantly improve the precision of the fit. Other maximum likelihood fitting methods might slightly improve the results, but in many cases of observed blinking patterns, they will also face similar limitations as the X-minimization method.
0128. The data in FIGS. 3 and 5 illustrate advantages and limitations of TFSS vs. NCs. As discussed in the literature (38), and as verified by our numerical Simulations, the precision in both cases is affected by three factors: shot noise (related to the cpp level), S/N, and the number of pixels containing information on the PSF. The number of pixels is easily increased by reducing the piezo-Scanner Step size. We arbitrarily limited pixel size to 50 nm resulting in 95% CL error bars of about 10 nm. Smaller step sizes could of course be used to attain higher resolution. However, it is of doubtful utility to increase the localization accuracy of objects having diameters much larger than 10 nm like beads, which will be used to report the presence of non-fluorescent molecules (e.g. proteins). Indeed, distance is extracted from the positions of the beads themselves, not from the unknown position of the molecules of interest attached to the beads Surface. Hence, in this approach, resolution is limited by the Size of the reporter and not by the pixel size. 0129 Concerning the shot noise and S/N, in the case of beads, high cpp and large S/N can be easily obtained with a relatively limited excitation power while keeping integration May 30, 2002 time reasonably short. In the case of Single NCS, longer integration times do not SuppreSS the non-linearity coming from blinking, and increased excitation power leads to Saturation. AS discussed, different maximum-likelihood fit ting algorithms might reduce uncertainties, but Suppression of blinking (e.g. by using few NCS clustered in polystyrene beads) would be preferable. 0130 Our results demonstrate that UHRC of fluoro phores is possible from the FRET distance range (a few nanometers) to arbitrarily large distances (many microns) provided that the following four criteria are fulfilled: (i) the fluorophores can be excited with a single wavelength; (ii) their emission properties allow an unambiguous distinction between the different types. Here, we used differences in the emission spectra, but other parameters like fluorescence lifetime could also be used; (iii) they are bright enough and provide a reasonable S/N over a sufficient number of pixels of the PSF; (iv) a CLPS is used. In order to extend the range of applications of this approach, we are investigating the use of two-photon excitation to access a larger variety of fluo rescent probes like Single dye molecules, or Smaller beads loaded with Single fluorescent species. Our results call for improvements in at least two directions: (1) faster data acquisition requires higher quantum yield of the fluoro phores or equivalently, (2) higher Sensitivity of the detector. 0131 Theoretical studies of NC photophysics predict reduced intermittency for various engineered band-gaps (39); future investigations will focus on Such improvements.
On the detector side, use of an array of APDs instead of an ICCD camera should reduce the integration time to the millisecond range. If TFSS or nanobeads containing Several NCS were used, the acquisition of a multicolor image of a 10x10 um' area with 10 nm localization resolution would be feasible in about two minutes. We point out that the use of a CLPS allows one to first acquire a lowresolution multi color imaging of the Sample, before Zooming-in on a ROI for UHRC measurements. Improvements in speed and feed back-loop control of the mechanical and thermal drift of the Sample Stage will allow the extension of this work to three dimensions. 3D multicolor colocalization will also entail a detailed characterization of the volume shape of the PSF, which is very Sensitive to the thickneSS and index of refrac tion of the coverslip, as well as to the indices of the physiological buffer/embedding matrix and the immersion oil (40, 41). 0.132. In spite of current limitations, immediate applica tions to biology can be envisioned. Functionalized TFSS and NCS will allow ultrahigh-resolution mapping of genes and DNA binding proteins. In conjunction with time-gated detection of NCs that drastically reduces autofluorescence (42), one can envision a dynamic, multicolor, 3D, nanom eter-accuracy colocalization methodology used to follow proteins, nucleic acids, molecular machines and assemblies, and organelles within the living cell. 0133. The invention contemplated herein utitilizes detec tors known to those of ordinary skill in the art. These include analog and digital technology. Illustrative, but not exaustive examples include point detectorS Such as avalanche photo diodes of 2D detectorS Such as charge-coupled devide cam era (ICCD camera). Also photomultiplier tubes, linear detec torS Such as avalanche photodiode linear array or photomultiplier tube linear arrays and 2D detectorS Such as avalanche photodiode 2D array or position-Sensitive Single photon detectors. 0134. It will be appreciated by those skilled in the art that various modifications and extrapolations can be made in the proceSS and article as described herein without departing from the Spirit and Scope of the invention. 7. The method of claim 1, where the predetermined distance the Sample is moved is a distance of from about 1 angstrom up to a distance of about 10 microns.
8. The method of claim 7, where the predetermined distance the Sample is moved is about 25 nm.
9. The method of claim 1, where the emitted light is detected using one or more photodiodes or a photodiode array.
10. The method of claim 1, where the emitted light is detected using an ICCD or charge coupled device.
11. The method of claim 1, where separation is accom plished either by Spectrum, polarization or lifetime.
12. The method of claim 1, where the separation is accomplished by Spectrum.
13. The method of claim 1, where the determination of the geometric center of the representations of the excitation PSF for at least two of the Species of interest is accomplished using an algorithm. May 30, 2002 14. The method of claim 1, where the at least two species of interest comprise at least two fluorophores capable of being excited at the same wavelength.
15. The method of claim 1, where the at least two species of interest comprise at least two fluorophores which emit light at different wavelengths.
16. The method of claim 1, where the emitted light is directed through a confocal pinhole.
17. The method of claim 1, where the at least two species of interest comprise at least two fluorophores which emit light with different lifetimes.
18. 
